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ABSTRACT 

LSQ14bdq and SN 2006oz are super-luminous, hydrogen-poor, SNe with double-humped light 
curves. We show that a Quark-Nova (QN; explosive transition of the neutron star to a quark star) 
occurring in a massive binary, experiencing two Common Envelope (CE) phases, can quantitatively 
explain the light curves of LSQldbdq and SN 2006oz. The more massive component (A) explodes first 
as a normal SN, yielding a Neutron Star which ejects the hydrogen envelope of the companion when 
the system enters its first CE phase. During the second CE phase, the NS spirals into and inflates 
the second He-rich CE. In the process it gains mass and triggers a Quark-Nova, outside of the CO 
core, leaving behind a Quark Star. The first hump in our model is the QN shock re-energizing the 
expanded He-rich CE. The QN occurs when the He-rich envelope is near maximum size IOOORq) 
and imparts enough energy to unbind and eject the envelope. Subsequent merging of the Quark Star 
with the CO core of component B, driven by gravitational radiation, turns the Quark star to a Black 
Hole. The ensuing Black Hole accretion provides sufficient power for the second brighter and long 
lasting hump. Our model suggests a possible connection between SLSNe-I and type Ic-BL SNe which 
occur when the Quark Nova is triggered inside the CO core. We estimate the rate of QNe in massive 
binaries during the second CE phase to be ~ 5 x I0“® of that of core-collapse SNe. 

Subject headings: circumstellar matter stars: evolution stars: winds, outflows supernovae: general 
supernovae: individual (LSQ14bdq,SN 2006oz) 


1. INTRODUCTION 

Superluminous, hydrogen-poor, supernovae (SLSNe- 
I) reach peak luminosities at least an order of mag¬ 
nitude higher than those of Type-la SNe a nd stan¬ 
dard core-collapse SNe (e.g. ICal YamI (|2ni2f lL They 
show a variety of lights curve s and l ack hydrogen 
in the ir spectra (|Pastorello et al.l (|20IClll : iQuimbv et al.l 
(j2011lD . They are associated with low-metallicity envi¬ 
ronments/galaxies and seem to appeal to different con¬ 
ditions than those of standard co r e-coll ap se and Type- 
la sup er novae (e.ec. IChen et al. (l20I3ll: iNicholl et al.l 
(|2015all : iLeloudas et al.l ( 20I5I1 : Lunnan et al.l (1201517 7 
Popular models include powering by a millisecond 
spinning-down p ul sar with an 10 ^ ^ G m agnetic field 
(|Wooslevl (I2OIOII : iKasenfcBildstenI (12010111 and Black 
Hole (BH) accretion ( DexterfcKasenI (1201^ 1. However, 
there is still much debate about the progenitors and the 
mechanism/engine powering SLSNe-I. 

Here we focus on two dou ble-humped, hydrogen -poor, 
SLSNe nar nely LSQ14bdq (INicholl et al.l (|2015blB and 
SN 2OO60Z (|Leloudas et al.l (1201211 1. They have a precur¬ 
sor (the first hump) which is much brighter and narrower 
than a typical SN and a second brighter and long last¬ 
ing hump. With two double-hump examples it is clear 
now that the first hump is not a regular SN. Thus we re¬ 
vise o ur previous model for SN 2006oz (lOuved fc LeahvI 
(IMll l in the context of the current work. 

Here we show that a Quark-Nova (QN) occurring in a 
massive binary undergoing two common envelope (CE) 
phases offers ingredients that can account for the double¬ 
humped light curves and other general properties of 
SLSNe-I such as their hydrogen-poor nature. The pa¬ 
per is organized as follows: in §2 we give a brief overview 
of the QN model and the occurrence of QNe in binary 


systems. In §3 we show the results of applying our model 
to LSQI4bdq and SN 2006oz. We provide a discussion 
in §4 and conclude in §5. 


2. QUARK NOVA MODEL 


The QN is the explosive tran sition of a n eutro n 
star (NS) to a quar k st ar IQSl (lOuyed et al.l (|2002ll : 
iKeranen et al.l (l2005l l: see lOuved et al.l ( 2013a^ for a re¬ 
view). The released energy ejects on average of Mqn 
I 0~^ MfT, of neut r on-ric h material (IKerane n et al.l (l2005ll ; 
lOuved fc LeahvI (|2009l l: iNiebergal et al.l ( 201011 1. The 


relativistic QN ejecta has an average Lorentz factor 
Tqn ~ 10 and a kinetic energy, Uqn, exceeding 10®^ 
erg. The QN can occur following the explosion of a mas¬ 
sive single star or in a binary system. The explosion 
is triggered when the par ent NS rea c hes d econfinement 
densities in its core (e.g. IStaff et ^ (|2006ll l by becom¬ 
ing massive enough, via fail-back during the SN explo¬ 
sion, accretion from a companion or from accretion while 
the NS is inside a CE as considered here. The critical NS 
mass above which the QN explosion is triggered is defined 
hereafter as Mns,c. which we ta ke to be 2M(t, to accou nt 
for the most massive known NS (jPemorest et al.l (j20inl ll. 


2.1. Quark-Novae in single-star systems 

A dual-shock QN (dsQN) happens when the QN oc¬ 
curs days to weeks after the SN explosion of the pro¬ 
genitor star. The time delay means that the QN ejecta 
catches up and collides with the SN ejecta a fter i t 
has expanded to larg e radii (|Leahv fc OuvedI (|2008ll : 
lOuved fc LeahvI (120091 11. Effectively, the QN re-energizes 
the extended SN ejecta causing a re-brightening of the 
SN. For time delays not exceeding a few days, the size 
of the SN ejecta is small enough that only a modest 
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re-brightening results when the QN ejecta collides with 
the preceding SN ejecta; this yields a moderately en¬ 
ergetic, high-velocity, SN. In this case, however, the 
QN model predicts that the interaction of the QN neu¬ 
trons with the S N ejecta leads to un ique nuclear spal¬ 
lation products (lOuyed et all (l2nilall l which may have 
been observed (e.s. iLamind (12014 11. For longer time- 
delays, extreme re-brightening occurs when the two 
ejecta coll ide yielding light curves very similar to thos e 
of SLSNe (|Ouved et al.ll201^l2013btlKostka et al.ll20l4) . 
For time-delays exceeding many weeks, the SN ejecta 
is too large and diffuse to experience any substantial 
re-brightening. The dsQN model has been used to fit 
a number of superluminous and double-humped super¬ 
novae (see http://www.quarknova.ca/LCGallery.html for 
a picture gallery of the hts). 

2.2. Quark-Novae in binaries 

A QN could also occur in tight binaries where the NS 
can accrete/gain enough mass to reach Mns.c. and expe¬ 
rience a QN event. The NS can accrete either from the 
compa nion overflowing its Roche Lobe (|Ouved fc StaffI 
(1201,11! 1 or while inside a CE. QNe in binaries have proven 
successful in fitting properties of unusual SNe. For ex¬ 
ample, in a NS-WD system the detonation of a dis¬ 
rupted CO White Dwarf by the QN leads to an explo¬ 
sion resemblm£_^ 2014J ( what we refer r ed to as a QN - 
la; lOuved fc Stafll (120131) : lOuved et al.l (I20l4 1201^ ). 
QNe in NS-(He)WD binaries have also been considered 
(jOuved et al.l (j2011bl Rl). In general, a QN in binaries 
provides: 

(i) A means (the QN ejecta) to shock, and reheat the 
disrupted companion. The heating is on the order of 
^ 10® K for an ejecta mass of a few solar masses and QN 
energy of ^ 10®® ergs which in some cases may trigger 
nuclear burning. 

(ii) The QS is born with a magnetic field on the order 
of Bqs ~ 10^® G owing to col or ferromagnet ism in quark 
matter during the transition (llwaza (I2005D ). The spin- 
down (SpD) power from the QN compact remnant (the 
QS), thus provides an additional energy source besides 
radio-active decay (if nuclear burning is induced by the 
QN shock). This additional energy source can be re¬ 
leased on timescale tqs = 4.74 days Pqs,io^QS ,15 where 
the QS period is given in units of 10 milliseconds and its 
surface magnetic field in units of 10^® G. The spin-down 
power is important in QNe-Ia where in addition to run¬ 
away thermonuclear GO burning, the spin-down energy 
from the QS can contribute to the light curve with in¬ 
teresting implic ations to Gosmology if so me SNe-Ia are 
indeed QNe-Ia (jOuved et al.l (I20l4[201^ !. 

(iii) The QS could convert to a BH and release a ddi- 
tional energy via BH accretion (jOuved et al.l (|2011bl Rl). 
In a QN-Ia, the QS (a gravitational poi nt mass) can 
slow d own and trap some of the ejecta (e.g. lOuved et al.l 

(iv) In general, the QN explosion (if asymmetric) can 
provide a kick to the QS. For a relativistic (Fqn ~ 10) 
QN ejecta of mass Mqn ~ 1O“®M0, the QN kick is of 
the order of a 100 km s“^ for a 10% asymmetry in the 
QN explosion. 

3. THE QUARK-NOVA IN A MASSIVE BINARY : 

SEQUENCE OF EVENTS 



Fig. 1. — Sequence of events in a massive binary leading to the 
QN event (leaving behind a QS) and subsequent BH accretion of 
the core of the secondary companion following CE ejection (the BH 
forms following accretion onto the QS). The “lx” (“lOx”) in panel 
g (G) stand for 1 (10) times zoom. 
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Here we consider a QN occurring in a massive binary 
with both components in the ^ 2O-25M0 range, a mass 
ratio close to unity and a binary s eparation such that a 
first CE phase avo i ds me rger (see iTaamfcRickeil (|2010[1 
and iPodsiadlowskil (|2014f l for a review). We also assume 
a low-metallicity environment. The following sequence 
of events leads to the QN explosion inside the second 
He-rich CE (see panels in Figure [IJ: 

(i) The more massive component (A) experiences an 
SN explosion leaving behind a NS with mass at birth 
AfNS.b. ~ 1.4M0. We only consider cases where the bi¬ 
nary survives which is possible considering a mass ratio 
close to unity (panel A). A typical initial state is shown 
in Panel “A” which consist of a NS and a Red Giant 
separated by ^ 2OOi?0. 

(ii) When component B evolves to the giant phase with 
a well developed Helium (He) core, the system enters the 
first CE envelope phase leading to the ejection of the 
hydrogen envelope of B by the in-spiralling NS (panels 
B, C, and D). 

In the red giant phase, a component B of mass ^ 
20Mq for example would have a radius large enough 
to engulf the NS (panels “C” and “D”) with a He 
core mass and radius of ~ 6.0Mq and ^ 0.5Rq, re¬ 
spectively. In comparison, a component B of mass 
25Mq would have a core mass and radius of ^ 
S.OMfn and ^ O.SRp , resp ectively (e.g. Table 7.1 of 
ISalaris. M. fc Cassisil (1200511 '). I n this phase , the den- 
sity gradient is steep enough (e.g. iTaam etldl (jl978lP to 
reduc e the accretion much bel ow the Hoyle&Lyttleton 
rate (|Hovle fc LvttletonI (|1993ll l. Efficient CE ejection 
is expected with at most ^ O.lMfTi of mass a ccreted by 
the NS (e.g. iMacLeod fc Ramirez-Ruid (|2015lB reaching 
a mass of ^ 1.5M0. Thus to reach Mns,c. ~ 2M0, the 
NS would need to accrete the remaining mass during the 
second CE phase as described below. 

(hi) As illustrated in panel E, following the first CE 
phase, one i s left with a He-co re-NS binary in a close 
orbit (e.g. iHallfc ToutI (1201411 : see also Figure 4 in 
IMacLeod &: Ramirez-RuizI (|2015ll l with a period of a few 
hours. Specifically, the binary separation following ejec¬ 
tion of the first CE we estimate to be of the order of 
Oi ^ 3i?0 for an Mns.s. ~ IAMq NS and a He core of 
^ 6Mq-8Mq representative of the 2O-25M0 mass range 
of the binary components. 

The secondary B continues to evolve and expands to 
cause a second CE phase (panel F). For a high enough 
mass ratio, a runaway mass transfer is expected once 
the He-rich core overfl ows its Roche Lobe leading to the 
second CE phase (e.g. Ilvanova et al.l (|2003D : iDewi et all 
(1200^ 1^ accompanying further accretion onto the in- 
spiralling NS. 

The secondary would expand to a radius of > 3Rq 
(thus engulfing the NS). At onset of the second He CE 
phase, the envelope size is of the order of 3Rq compared 
to about 2OOi?0 for the onset of the first CE. Thus the en¬ 
velope density is much higher (a factor (200/3)^ ^ 10®) 
in the second CE phase leadi ng to much h ig her accre¬ 
tion r ates. (^ O.IM0 yr“ iBrownI (Il995ll : IChevalie^ 
(jl996ll l. Although the accretio n luminosi t y is n eutrino- 
dominated in this regime (e.g. iChevalieil (|1996ll l. ther¬ 
mal energy is deposited in the CE by the photons at 


the Eddington rate of LEdd. ~ 4 x 10®® erg s“® for a 
~ I.5M0 NS. Convection transfers the deposited en¬ 
ergy rapidly to the CE surface layers where it is radiated 
a way. This is the self-regulating mech anism as described 
in iMever fc Mever-Hofmeisteil (jl979tl ) in which the fric¬ 
tional energy that is released during spiralling-in is trans¬ 
ported to the surface by convection and is radiated away 
without causing ejection of the envelope. In our model, 
the CE ejection is caused by the QN explosion which 
occurs when the CE is near maximum size. 

The maximum envelope size is defined by 
47ri?0E,max.^'^CE,eff. = -^Edd. with the envelope’s 
effective temperature TcE,eff. ~ 3000 K t ypical of 
fully convective stars on a Hayashi track (iHavashil 
(jl961IB . This yields Roe. max. lOOOR© at which 
point the envelope stops expanding (i.e. a steady 
energy balance is reached). For a thermal expansion 

speed of Cs^ce = \/A:BT'cE,eff./MCEWH ~ 5 km s“®, the 
envelope settles at its maximum radius within a few 
years (~ RcE.max./cs,CE ^ 4.5 years); /rcE = 4/3 is the 
He envelope mean atomic weight, fee the Boltzmann 
constant and toh the Hydrogen mass. 

(iv) While the CE radius is evolving towards it maxi¬ 
mum radius, the NS continues to in-spiral and to accrete 
enough mass ('^ O.4M0 in ^ 4 years) to reach the critical 
mass Mns,c. 2Mq and undergo an explosive transition 
to a QS (panel “G”); the envelope radius at the time of 
the QN is Rce.qn ~ Cs,ce x (4 years) ~ 9OOR0. Inter¬ 
estingly the time it takes the NS to experience the QN 
event is close to the time it would take the GE to reach 
its maximum size; I.e. Rce.qn RcE.max. thus offering 
a picture where the QN energy is released when the CE 
is near maximum size. This provides conditions for op¬ 
timum harness of the 10®^ erg of QN kinetic energy 
which yields the bright first hump in our model. The 
energy released by the QN explosion is enough to un¬ 
bind the CE and eject it. Thus in our scenario (with 
a He-rich second CE), the QN helps induce CE ejec¬ 
tion. The QN shock propagating at velocity r'QN.sh. en¬ 
ergizes the He CE (panel H) and yields the first bright 
and short-lived hump; the corresponding initial enve¬ 
lope temperature is estimated from shock physics (Lang 
1999), fcBTcE.o ^ (3/16)^CETOH?^QN,sh.- There will be no 
nuclear/He burning induced by the QN shock since the 
conditions in the envelope (temperature and density) are 
below critical values. 

(v) After CE ejection, one is left with a ^ 2Mq QS and 
a CO core of mass Mco 2Mq and radius < O.lRsun- 
The orbital separation when the QN occurs can be de¬ 
rived by estimating by how much the NS orbital ra¬ 
dius has decreased when it experiences the QN event. 
For a Hoyle&Lyttleton rate accretion rate, a relation¬ 
ship between the NS orbit and mass can be derived 
which is apN ^ Qi(/HNS i/MNS.r,.)'’" with 5 < cr < 7 as 
given in IChevalie'il (1199^ (and references therein). For 
(7^6, Mns,! I. 5M0 and Mns,c. 2Mq we get 
OQN O.lSoi ^ O.54R0ai_3 where 01^3 is the initial orbit 
separation just before the second spiral-in phase starts 
(i.e. immediately after the first, H-rich, CE has been 
ejected) in units of 2>Rq. 

The orbit then decays through emission of gravita¬ 
tional radiation. General relativity predicts that decay 


^ See lTauris et al] II2015I') for other outcomes. 
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of orbital period is given by (iLandau fc Lifshitel (|1962f) l 


dt 


1927rG'5/3 
5 c® 



-5/3 


( 1 ) 


where Mt = Mns + Mqo is the total mass and we as¬ 
sume zero orbital eccentricity. After integrating equation 
above and making use of Kepler’s third law, this gives a 
decay timescale 


''"GW 


9.4 days 


AfcO,2AfNS.2AfT,4 


( 2 ) 


where Mco. 2 , A/ns ,2 and Mt ,4 are the CO core mass, NS 
mass and total mass in units of 2Mq,, 2Mq and 4 M 0 , 
respectively. The time delay between the QN event and 
merging is very sensitive to the QS-CO-core separation 
at the start of the second spiral-in phase (oi). To get two 
humps in the lightcurve, ai can only vary by a factor of 
2 . 

(vi) The orbital period of the system when the QS 
reaches the core is of the order of a few minutes for a CO 
core of < 0.1 /?0 in radius. Thus once the QS reaches the 
core, merging occurs very quickly and on timescales not 
exceeding a few hours (i.e. in many orbital periods). The 
QS merges with the CO core of B and accretes enough 
mass (a fraction of a solar mass) to become a black hole 
(BH). The CO core is spun-up by the in-spiralling NS/QS 
(panel I). The bulk of the CO core forms a disk around 
the BH and accretes onto it (panels J, K and L) pro¬ 
ducing a luminosity Lbh to power the long lasting main 
hump of the light curve. The BH accretion phase is de¬ 
layed from the QN event by the time required for the 
QS to reach the CO core (row), turn into a BH, merge 
with the core and trigger accretion. We define this time 
delay as Ibh, delay — ^gw at which point the CE has ex¬ 
tended to a radius i?CE,BH = .RcE,QN+ 'CCEtBH, delay with 
vcE = (3/4)r!QN,sh. the CE expansion velocity induced by 
the QN shock; recall that i/cE.QN is the CE radius at the 
onset of the QN. 


3.1. Case study : LSQ14bdq and SN 2006oz 

Table 1 shows the model’s best fit parameters for 
LSQ14bdq. The left panel in Figure [2] shows the resulting 
fit in the g-band absolute magnit ude for LSQ14bdq to - 
gether with the observations from lNicholl et aP (|2015bl l. 
The blue dashed curve shows the QN proper (the first 
hump in our model) for A/qe = 8 M 0 and i?CE,QN = 
lO5O/?0. The black dotted curve is from BH accretion 
with an initial accretion luminos ity £n = 3 x 1 0 ^*^ erg 
s“^. We use the prescription in iDexterfcKasenI (1201.31 ) 
and adopt a constant energy injection case (see their 
Appendix)^. Table 1 also shows the model’s best fit pa¬ 
rameters for SN 2 OO 60 Z with the resulting model plot¬ 
ted in the right panel in Figure [ 2 ] together with obser¬ 
vations by iLeloudas et al.l (|2012D . In Table 1, Eq^ ^ 
EcE.th. + E-ce.k where EcE,th. for simplicity was calcu¬ 
lated ignoring the contribution of radiation which needs 
a more detailed assessment. 


^ The constant energy injection adopted for the BH-accretion 
model is valid only for the early stages of BH-accretion powered 
lightcurve (i.e. < 50 days; see Figure 2). A more realistic calcula¬ 
tion should include time-dependent energy injection. We do not fit 
the late tail which would require fully integrated numerical light 
curves. 


TABLE 1 

Best fit parameters for the LSQ14bdq and SN 2006oz LC 

IN OUR MODEL. 



He-rich (i.€ 

L second) CE 

QN BH Accretion 

SLSN-I 

Mce (Mq) RcE.ON(Re) VQN.ah. (km/s) tBH, delay (days) Lq (erg/s) 

LSQ14bdq 

8 

1050 

30,000 12.5 3 X 10^^ 

SN 2OO60Z 

4 

500 

40,000 45 2 X 10“ 


The corresponding kinetic energies of the CE/ejecta, Ecb,k in 
units of 10®'^ ergs are: ~ 4 for LSQ14bdq and ~ 2.7 for SN 
2 OO 60 Z. The thermal energy is — ®CE,K- 

The duration of the accretion power in our model is 
given by the CO core mass Mco = A/b — (A/h + A/ce) 
divided by the accretion rate; Mh is the hydrogen lost 
by component B (of initial mass M-q) during the first CE 
phase. An Lbh ~ 10^^ erg s“^ corresponds to an ac¬ 
cretion rate of ^ lAf 0 yr“^ for an accretion efficiency 
of ^ 10“®; similar accretion rates onto the BH dur- 
ing CE evolution have been fou nd by other studies (e .g. 
lArmitagefcLivid (1200011 : see also IDexterfcKasenI (1201311 1. 
This gives the duration of the accretion powered phase 
of a few hundred days in agreement with the duration 
of the observed long lasting second humps. The power 
from BH accretion was delayed by ^bh, delay = 12.5 days 
for LSQ14bdq and 4.5 days in the case of SN 2006oz. 

3.2. Spin-down power 

Following the QN-induced ejection of the second CE, 
accretion onto the QS is drastically reduced. The QS is 
free to spin-down (SpD) and to release up to /ispD = 
2 X 10®^ergs Pqs ms rotational energy; the QS in¬ 

herits its millisecond period from the NS whi ch was spun- 
up to millisecond equilibrium period (e.g. iTauris et al. 
(20H)). The QS magnetic field of 10®® G (llwazaki 
( 200511 1 imply SpD timescale of ^ 1.1 hours. Figure 
[ 3 ] shows the resulting lightcurve for SN 2006oz wit h 
SpD included us i ng th e prescription of iWooslevI (| 2010 D : 
iKasenfcBildstenI (|2010ll . As can be seen SpD overwhelms 
the QN and when combined with BH-accretion the model 
yields a single broad hump. The QN shock deposits en¬ 
ergy throughout the CE on short timescales and is re¬ 
leased by the receding and cooling photosphere yielding 
a bright and narrow lightcurve. This is in contrast to 
the SpD (and also BH-accretion) where the energy is de¬ 
posited centrally and is thus affected by the envelope’s 
diffusion timescale which leads to a broad lightcurve. 

The good fits to the two observed double-humped 
SLSNe (see Fig. 2) suggest that either the SpD is negli¬ 
gible (e.g. for AfNs.b. I. 8 M 0 the QN occurs before the 
NS is fully recycled) or that SpD power is highly beamed. 

4. DISCUSSION 

We have shown that a QN in a massive binary experi¬ 
encing two CE phases (in a low-metallicity environment) 
can account for the double-humped light curves of the 
SLSNe-I LSQ14bdf and SN 2006oz. We note the follow¬ 
ing: 

(i) The QN is unlikely to occur in the first CE enve- 
lope since the NS can accrete a t most ~ O.IM 0 (e.g. 
iMacLeod fc Ramirez-R.iiO (j2015l) l. However, if the NS 
is born massive (e.g. A/NS,b. ~ I. 9 M 0 ) then a QN can 
occur in the first CE as well. In this case, a “purely” 
Hydrogen-rich SLSN may be the outcome and possibly a 
double-humped lightcurve as described above if the QS 
also merges with the He core. 
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Fig. 2.— Left Panel: The QN model fit (solid line) to the g-band light curve of LSQ14bdq. The observations (the circles) are from 
Nicholl et al. (2015b). Right Panel: The QN model fit (solid line) to the light curve of SN 2006oz. The observations (the circles) are from 
Leloudas et al. (2012). In all panels, the blue dashed curve is the QN while the black dotted curve is the BH accretion. 



Fig. 3.— Effect of QS spin-down power (dot-dashed curve) on 
the g-band light curve of SN 2006oz. The combined light curve 
(solid line) is a single broad hump. 

(ii) The QN hump has some universal features since 
the QN energy ^ 10®^ erg and the envelope’s size when 
the QN occurs i?CE,QN ~ -RcE,max. ~ lOOOi?© (within a 
factor of ~ 2) do not vary much. However, if the delay 
between the QN and the onset of BH accretion (tuH,delay) 
is short, the QN hump will overlap with the BH-accretion 
powered hump in which case the SN should appear as a 
single long bright hump. 

(iii) When the two humps are distinguishable, the first 
hump should show spectral features of an He-rich ejecta 
(the CE envelope) while the second longer lasting hump 
should also show spectral signatures of the CO-core ma¬ 
terial (the BH jet) when as the He envelope becomes 
optically thin. 

(iv) In our model, the time delay between the QN 
(which powers the first hump) and BH formation and 
subsequent accretion (which powers the second hump) 
is the time it takes the QS to reach, and merge with, 
the CO core. However if the binary separation is such 
that Oi >> 3i?0 following first CE ejection (i.e. oqn >> 
O.5i?0 when the QN occurs) then the merger timescale 
can be many years making the QN event and the BH- 
accretion as chronologically separate events. Only one 
hump (the QN) would be seen, yielding a type Ib SLSN. 
The outcome is a QS-CO-core binary which can evolve to 
a QS-WD or QS-NS binary depending on the conditions 
of the CO core. 

(v) The BH accretion luminosity in our model of ~ 10"^'^ 
erg s“^ (i.e. BH accretion rates of ~ O.I-IM0 yr“^ at 
^ 10“^ efficiency) is low compared to the 0.01-0.IM© 
s“^ accretion rates of typical long duration GRBs (e.g. 


iPiranl (l2004l ll. I.e. we do not expect a GRB during the 
BH in our model lsee l4.1|) . 

(vi) Here we estimate the rate of H-poor SLSNe from 
QNe which occur during the second CE phase of mas¬ 
sive binaries, including both single- and double-humped 
events (i. e. all values of tsH, delay)- For a Salpeter mass 
function (ISalpeted (I1955IH we estimate about ^ 10% con¬ 
tribution to core-collapse SNe (CCSNe) from stars in the 
^ 2O-25M0 range. With about ^ 10% of these hav¬ 
ing a companion in the 2O-25M0 mass range this gives 
/binary ^ 1% of binaries as considered here. We take 
an estimate of those binaries tha t survive t he fir st SN 
explosion as /survival 20% (e.g. iKaloeere] (Il996ll l. In 
a low-metallicity environment (with weak stellar winds), 
we expect most of those who survived the first SN explo¬ 
sion to enter the first CE phase. The fraction of these 
binaries in a low-metallicity environment we take to be 
/z ~ 10% (i.e. they are more likely to occur in galaxies 
such as the LMC and SMC than in the Milky Way). The 
■friE.i 50% of them whic h surv ive the first CE phase 
^MacLeod fc Ramirez-Ruij (|2015lH will undergo a sec¬ 
ond CE phase at a high rate of /ce .2 100%. Finally, 

we assume that in /qn ~ 50% of cases the QN occurs be¬ 
fore the merger wtih the CO core. The overall rate is then 
~ /binary X /survival X /z X /cE.l X /cE.2 X /qn ~ 5 X 10“®. 
This is, within uncertainties, not very different from the 
observed rate of H-poor, type Ic, SLSNe which are also 
very rare with a rate of ^ 3-8xl0~^ that of the core¬ 
collapse population (e.g. iMcCrnm et al.l (j2015l l and ref¬ 
erences therein). 

4.1. A QN inside the CO core: A possible Type Ic-BL 
SNe and GRB connection 

Many, but not all, long duration G RB (LGRBs) ar e 
associated w i th Ty pe Ic-BL SNe (e.g. iGalamal (jl998l) : 
iFvnbo et al.l (l2006ll l. Type Ic-BL SNe are more common 
than LGRBs; “BL” stands for Broad-Line characterizing 
their ~ 30,000-40,000 km s“^ velocities. In our model 
for SLSNe-I, the QN occurs during the second CE phase 
before the NS enters the CO core. It is also possible for 
the QN to occur after the NS enters the CO core, for 
instance if the accreted mass in the He-rich CE is not 
enough to drive the NS above Mns.c.- 

A QN inside the CO core leads to the following events: 

(i) It provides in excess of ~ 10®^ ergs in en¬ 
ergy which drives high-velocity CO-rich ejecta; vco — 
30,000 km s“^(Aqn, 52 /-Mco, 2)^^^- The compactness of 
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the CO core means that most of the QN energy goes into 
the kinetic energy of the ejecta. The CO ejecta is expand¬ 
ing inside the lOOOi?© He envelope which is optically 
thick (optical depth of ~ 10®). After the He envelope has 
expanded (~ 10-20 days) the high velocity CO ejecta be¬ 
comes visible and should have characteristics similar to 
type Ic-BL SNe. 

(ii) Because the QN most likely occurs off-center, the 
central densest parts of the CO core remains gravitation¬ 
ally bound. The re mnant core would fo rm an accretion 
disk around the QS. lOuved et al.l (l2005ll showed that ac¬ 
cretion onto a QS can reproduce the activity (duration 
and intermittency) of GRBs® from an accretion disk with 
a mass of a fews tenths of a solar mass. T he highly col¬ 
limate d outflow from the QS accretion fsee lOuved et al.l 
(j200filB has to break through the He envelope which takes 
of ~ iOOOi?0/c 2000 s. If accretion lasts long enough 
and the jet is viewed along its axis, a QS-GRB would be 
seen. 

(iii) The QS will likely transition to a BH leading to 
a BH-GRB in the case of high accretion rates (^ 0.01- 
O.IMq s“^) onto the BH. The BH-GRB would immedi¬ 
ately follow the QS-GRB. As noted above, the combined 
duration of the two GRBs should exceed ~ 2000 s to 
break through the He envelope. Additionally, the QS- 
GRB-I-BH-GRB would be observed only if the viewing 
conditions are ideal which would make this an extremely 
rare event. An important caveat is that to get GRBs, 
accretion rates from the GO core must be much higher 
than those used to fit the second hump in the lightcurves 
of LSQ14bdq and SN 2006oz. This suggests that GRBs 
require special physical conditions in this case. 

5. CONCLUSION 

® IVoet et al.l II2004I ') found photon emissivities in excess of 10®'' 
erg cm“® s“' in color superconducting quark matter. The electro¬ 
magnetic quark plasma frequency means that photon emissivity is 
suppressed for photons with energies below ~ 23 MeV. For ther- 
malized photons of energy ~ STqg (with Tqg being the QS temper¬ 
ature) this means that photon emissivity is shut-off when the QS 
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QNe should be more common in binaries with NSs 
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with CE ejection. This can be tested by including the 
QN in simulations of common envelope evolution. 
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